ABSTRACT For the high-accuracy tracking control purpose of cable-driven manipulators under complex lumped uncertainties, a novel continuous nonsingular fast terminal sliding mode (CNFTSM) control scheme using a modified super-twisting algorithm (STA) is proposed and investigated in this paper. The proposed method applies the time-delay estimation (TDE) technique to estimate and compensate the unknown lumped system dynamics leading to an attractive model-free nature. Then, the NFTSM manifold and the modified STA scheme are used to ensure finite-time convergence performance in both the reaching and sliding mode phases. Thanks to the TDE technique, the proposed method is model-free and suitable to use in complicated practical applications; meanwhile, fast convergence, high tracking accuracy, and good robustness against lumped uncertainties can be ensured befitting from the CNFTSM control with NFTSM error dynamics and STA schemes. Stability of the closed-loop control system is proved. Finally, 2 degrees of freedom comparative simulations and experiments were performed to demonstrate the effectiveness and superiorities of our proposed method over the existing TDE-based robust control schemes.
I. INTRODUCTION
In the past few decades, robot manipulators had been widely used in both academic and industrial applications due to their good ability to realize accurate automatic work [1] - [4] . Usually, the drive units of traditional robot manipulators are directly installed in the joints to achieve fast dynamic response and high control accuracy. However, this kind of design will bring in large moving inertia, high stiffness and low flexibility, which is not safe for the physical interactions with human. Therefore, the cable-driven manipulators were proposed and investigated to effectively settle these problems [5] , [6] . Different from traditional robot manipulators, the cable-driven ones enjoy small moving inertia, good flexibility and safe physical interactions with human by installing the drive units in/near the base instead of the joints [7] - [9] . Due to these obvious advantages, cable-driven manipulators are becoming a research hotspot [10] - [13] .
However, the application of cable-driven technique has also brought in extra difficulties for controller designing, which mainly contains joint flexibility, relative low stiffness and complicated system dynamics. Therefore, it still remains a challenging task to design a suitable controller for the cabledriven manipulators. To effectively solve above mentioned problems, some robust controllers had been proposed and investigated for the system with flexibility, such as sliding mode (SM) control [14] , neural network control [15] , adaptive control [16] and iterative learning control [17] . The former, i.e. SM control, has attracted lots of attention benefitting from its strong robustness against uncertainties and essential simplicity to use [18] - [22] . The core idea of SM control is to design a proper manifold and then use a switching element to enforce the system trajectory to converge to the manifold and stay on it [23] . To successfully realize above process, the switching element has to be selected sufficiently large, which, however, may result in chattering issue. The chattering issue is a well-known main disadvantage of SM control and will lead to obvious control performance degradation, large energy consumption and even damages to the hardware.
To effectively overcome the chattering for SM controls, several techniques had been utilized, such as boundary layer technique [18] , continuous reaching law [24] , adaptive methods [25] , [26] , intelligent methods [27] , [28] and high-order SM (HOSM) controls [29] , [30] . The latter has drawn much interest thanks to its strong capability to handle the chattering while still provide with satisfactory control performance. Several HOSM controls had been presented to achieve chattering suppression and high control performance [31] , [32] , while super-twisting algorithm (STA) is one of the most effective schemes [33] - [35] . STA can generate continuous control signal that enforces the SM manifold convergence to zero in finite time resulting in high control accuracy and good dynamic performance. Although good theoretical and experimental results had been obtained with abovementioned methods, they may be not suitable for complex practical applications due to the requirement of system dynamics or complicated approximation algorithm.
Time-delay estimation (TDE) is a straightforward but effective way to conquer above issues. The main idea of TDE is to estimate the remaining lumped system dynamics using just the time delay states which will bring in a fascinating model-free nature [36] , [37] . Thanks to this attractive modelfree scheme, TDE had been widely used in lots of systems, such as robot manipulators [38] - [40] , underwater vehicles [41] , [42] , exoskeleton robots [43] , [44] . Since TDE uses only the time delay states to estimate the lumped system dynamics, corresponding estimation error, i.e. TDE error, will be inevitable especially when system experiences fast changes. To cope with TDE error and achieve high tracking accuracy, SM controls are usually adopted. Nevertheless, most existing TDE-based SM controls still use traditional ways to suppress the chattering, which in turn may limit the improvement of control performance. Recently, a novel TDE-based SM control was reported which uses STA to suppress the chattering and ensure good tracking control performance [45] . Although good theoretical and experimental results had been reported in [45] , it can still be further improved. Traditional SM manifold with linear error dynamics was used, which can only guarantee asymptotic convergence of the control error. Moreover, standard STA scheme was applied which may lead to unsatisfactory control performance when the system trajectory is relative far away from the equilibrium point.
In this paper, aforementioned issues are properly handled. A novel TDE-based continuous nonsingular fast terminal SM (CNFTSM) control using modified STA scheme is proposed and investigated. The proposed method utilizes TDE technique to estimate the unknown remaining system dynamics and brings in an attractive model-free scheme; afterwards, the CNFTSM control with modified STA is utilized to achieve finite time convergence and high performance in both the reaching and sliding mode phases. The proposed method is model-free and easy to use in complicated practical applications due to TDE, and can guarantee satisfactory control performance thanks to the CNFTSM control with modified STA. Corresponding stability of the closedloop control system is given. Finally, the superiorities of the proposed method are demonstrated through comparative simulations and experiments.
The contributions of this paper are listed as: 1) to propose a novel TDE-based CNFTSM control using modified STA scheme. By combining an improved NFTSM manifold, a modified STA and the TDE technique, the newly proposed method can provide with better comprehensive control performance than the existing one from [45] ; 2) to prove the stability of the closed-loop control system with NFTSM and modified STA dynamics; 3) to demonstrate the superiorities of the newly proposed method by comparative simulations and experiments. The remainder is given as follows. Section II briefly gives some preliminaries. Then, the proposed method is given and analyzed in Section III. Section IV presents the stability analysis, meanwhile Section V and VI gives the comparative simulation and experimental studies. Finally, Section VII concludes this paper.
II. PRELIMINARIES A. DYNAMICS OF A CABLE-DRIVEN MANIPULATOR
The dynamics of a cable-driven manipulator with n-DOFs (degree of freedoms) can be described as [46] 
where θ , q stand for the motor/joint position. τ m , τ s represent the drive torque generated by motors and joint compliance torque given in (3) . J and D m stand for the motor iner-tia and damping matrices, M(q), C (q,q), G (q), Fr (q,q) are the inertia matrix, Coriolis/ centrifugal matrix, gravitational vector and friction vector, respectively. τ d stands for the lumped disturbance, while K s and D s are the joint stiffness and damping matrices. Combining (1) and (2) and using a constantM matrix yieldsMq
whereM is usually tuned by simulation or experimental studies. The element H stands for the remaining dynamics of the system, which can be mathematically defined as
remainding manipulator dynamics
As indicated in (5), the element H is very complicated with mainly three parts: the remaining manipulator dynamics, VOLUME 6, 2018 the motor dynamics and the unknown lumped disturbance. Therefore, it will be extremely difficult to obtain H with the traditional methods.
B. PROBLEM DESCRIPTION
The objective of this paper is to design a proper model-free controller τ m such that high performance tracking of the desired trajectory q d can be ensured. To realize this objecttive, following assumptions will be required [45] :
Property 1: The inertial matrix M(q) given in (2)is positive definite symmetrical and bounded such that
where M 1 and M 2 are two positive constants known beforehand. 
III. CNFTSM CONTROL DESIGN WITH TDE AND STA
A novel CNFTSM control is designed using TDE and modified STA scheme. The TDE technique is applied as a basic framework of the overall controller to obtain the fascinating model-free feature; while the CNFTSM control with modified STA scheme is used to achieve high tracking precision and good dynamical performance in both the reaching and sliding mode phases.
A. TIME-DELAY ESTIMATION
As demonstrated above, traditional methods may be too complicated or time-consuming to obtain H. Thus, the socalled TDE technique is applied here aŝ
It can be observed clearly from (7) that no system dynamics information is required to perform TDE and therefore the attractive model-free nature is ensured. Moreover, the past control torque τ m (t − L) and accelerationq (t − L) are the only required signals to apply TDE. For τ m (t − L), it can be easily obtained using the time-delay value of τ m . For
where T ≥ 2L is applied to ease the potential drastic fluctuation in the initial period t < 2L. Usually, the acceleration sensors will not be equipped in the manipulators, therefore calculation (8) and its corresponding original ver-
t ≥ 0 had been widely used in TDE-based controllers [2] , [38] - [42] . It is also obvious that (8) will obviously amplify the effect of the measurement noise, which, however, can be effectively suppressed with relative smaller control parameterM or low-pass filers [38] - [42] .
B. EXISTING TDE-BASED SM CONTROL WITH STA
Define the tracking error as e = q d − q with q d as the desired trajectory. Then, the recently proposed TDE-based SM control with STA can be expressed as [45] 
with SM and STA scheme defined as (10) and (11) s =ė + η 1 e (10)
where the notationsτ m ,s are used to distinguish themselves from the ones we will design latter, meanwhile η 1 , k 1 , k 3 are positive diagonal parameter matrices. It should be noted that all the parameters used in (9)- (11) are the same with the control scheme we are going to present. More details concerning above control scheme, please refer to [45] . It can be observed clearly that the existing control (9)uses traditional linear SM manifold and standard STA scheme. However, it had been widely demonstrated that TSM control can provide with better comprehensive control performance than the traditional linear SM control [24] , [38] . On the other hand, the standard STA scheme can also be further improved to achieve better comprehensive performance in the reaching phase. To effectively solve above issues, we will present a novel TDE-based CNFTSM control with modified STA scheme in the next subsection.
C. TDE-BASED CNFTSM CONTROL DESIGN WITH MODIFIED STA
To ensure fast convergence and singularity-free dynamical performance, the following NFTSM manifold is designed
where η 1 , η 2 are the diagonal parameter matrices, while the ith element of ρ (e) is designed as
is utilized for simplicity with sgn(e i ) defined as
Meanwhile, the parameters l 1i and l 2i are calculated as
The designed NFTSM manifold with above parameters (15) and (16) is singularity-free and continuous, while the first-order derivative of ρ (e) is calculated aṡ
It can be clearly observed from (17) that the singularity problem has been successfully eased, while the NFTSM still remains continuous.
To ensure good comprehensive dynamical performance in the reaching phase under complex lumped disturbance, the modified STA scheme is used here aṡ
where k 1 , k 2 , k 3 , k 4 are diagonal parameter matrices which will be determined later, and sig(s) 0.
Then, the proposed CNFTSM control with modified STA scheme is given as (19) whereĤ stands for estimation of the lumped disturbance H described in (5) .
To obtainĤ in a simple matter, the TDE technique is applied with (7) . Fianlly, our proposed method is given as
where the diagonal parameter matricesk 1 , k 2 , k 3 , k 4 should satisfy following condition:
with p 1i given as
Corresponding stability analysis and selection of k 1 , k 2 , k 3 , k 4 will be demonstrated in next section.
Comparing the proposed control scheme (20) with the existing one (9), we can see that the NFTSM error dynamics and modified STA scheme are used, which in turn will bring in faster convergence and higher control accuracy. On the other hand, our newly developed TDE-based CNFTSM control with modified STA scheme also brings in extra difficulty to use compared with the existing method (9) . To adopt our newly proposed method, more control parameters must be tuned properly through simulations or experiments. Therefore, our proposed method should be applied when the control performance requirement is relative rigorous; otherwise, the existing one (9) can be used for simplicity.
Remark 1: Compared with the traditional TSM control using discontinuous term sgn(s), the proposed TDE-based CNFTSM control (20) utilizes no discontinuous element thanks to the application of modified STA scheme. Thus, the proposed control is continuous and chatter-free. On the other hand, the proposed control, as a typical TSM control scheme, can still remain the advantages of TSM control, such as fast convergence and high control accuracy.
Remark 2: Although the proposed control (20) is designed particularly for the cable-driven manipulators in this paper, it can also be used in other systems, such as extremity exoskeleton [8] , [44] , biaxial gantry [47] , [48] , generalized Lorenz system [49] , switched nonlinear systems [50] , [51] . In the further, we will try to extend the proposed control scheme to the descriptor systems [52] - [55] .
IV. STABILITY ANALYSIS
Stability of the closed-loop control system with NFTSM and modified STA dynamics is briefly proved here using similar analysis procedure from [55] - [57] . For simplicity, we will take the ith-DOF to analyze.
Substituting the proposed control (19) into (4) giveṡ
where 
Re-express (24) in a compact form as
with = T defined as
Remark 3 [56] , [57] : The selected Lyapunov function V is continuous but not locally Lipschitz noting that V is VOLUME 6, 2018 differentiable everywhere except at s i = 0. Thus, the wellknown Lyapunov's second method will be no longer valid here. However, as demonstrated in [57] , the convergence properties can still be effectively proved by means of Zubov's theorem [58] which only requires the Lyapunov function to be continuous. Meanwhile, the arguments given in [58] and [59] were used where the derivative of V does not exist. For detailed information concerning this issue, please refer to [57] .
Then, following inequality holds
where ς The temporal derivative of V (ς ) can be expressed aṡ
where
Considering the time derivative of TDE error is bounded as |ε i | < δ 1i + δ 2i |s i | , δ 1i > 0, δ 2i > 0 (Detailed proof can be found in [45] ), we have
Combining (28) and (29) giveṡ
TheV (ς ) will be negative definite if ( 1 − 1 ) > 0 and ( 2 − 2 ) > 0 are satisfied (sufficient condition), which gives the condition (21), (22) . It can be observed clearly that it is always possible to choose positive gains k 1i , k 2i , k 3i , k 4i , i = 1 ∼ n such that the condition (21) is fulfilled for every δ 1i , δ 2i , i = 1 ∼ n.
Using (30), we havė
Substituting (27) and
According to (32) , V (ς ) and ς will converge to zero in finite time at most after T 1 = 2V 0.5 (ς (t 0 )) ρ 1 . Thus, the NFTSM variable s i will converge to zero within T 1 . Then, according to the definition of NFTSM manifold (12)- (13), we haveė i + η 1i e i + η 2i sig (e i ) α i = 0. Finally, it can be easily derived that the tracking error e i will converge to zero in finite time.
V. SIMULATION STUDIES A. SIMULATION SETUP
Simulation studies were performed to demonstrate the effectiveness and superiorities of our newly proposed method over the existing methods. The dynamics model for (2) are directly taken from [38] Table 1 , which is also taken from [38] . Three control methods including our newly proposed one were simulated and analyzed in this section. The first one is our newly proposed one; the second one, referred as Controller 2, is given in (9)- (11) which combines the traditional SM control with TDE and STA schemes; the third one, referred as Controller 3, is taken from [42] as
with NFTSM manifold defined as
where τ m , u, s are used to distinguish themselves from the ones given above. Meanwhile, c 1i , c 2i , ψ i , γ i are positive constant parameters and the condition 1 < γ i < 2, ψ i > γ i must be fulfilled. Compared with our newly proposed method, Controller 3 uses the widely adopted fast-TSM-type reaching law which can provide with good control performance as well as effective suppression of the chattering problem.
B. SIMULATION RESULTS
The control parameters for our newly proposed controller are selected as Corresponding results are given in Fig. 1-6 . As shown in Fig. 1 , all three controllers can provide with satisfactory control performance under unknown lumped disturbance, which effectively proves the validity of TDE technique (7), existing methods (34) and our newly proposed one (19) . On the other hand, our proposed method (19) using NFTSM manifold (12)(13) and modified STA (18) can still guarantee the best control performance among all three controllers as indicated in Fig. 2 and Fig. 4-6 . Taking Fig. 4-6 to analyze, we can see that our method provides with the fastest convergence, while Controller 2 shows relative the worst. For tracking precision, our method shows the best; meanwhile Controller 3 gives relative the worst.
Thanks to the NFTSM (12)(13) and modified STA (18) schemes, fast convergence and high accuracy and good robustness have been effectively achieved. In general, all three TDE-based robust controls can provide with good tracking of the desired trajectory, while our newly proposed one can guarantee relative the best comprehensive control performance. Fast convergence, high tracking precision and strong robustness against time-varying disturbance have been clearly observed with our proposed method.
VI. EXPERIMENTAL STUDIES
To further demonstrate the effectiveness and superiorities of our newly proposed TDE-based CNFTSM control with modified STA scheme in practical applications, two comparative experiments had been performed using a cable-driven manipulator Polaris-I which was developed in our laboratory as shown in Fig. 7 . In first experiment, Polaris-I was commanded to track a combined sinusoidal signal without payload. In second experiment, a payload of 0.5Kg was added to Polaris-I to verify the robustness of our newly proposed method. 
A. EXPERIMENTAL SETUP
The motors used in Polaris-I are Delta ECMA-CA0604SS which have rated speed of 3000rpm and rated torque of 1.27 N·m, respectively. As shown in Fig. 7 , the motors are installed in the base and drive the joints through cables. This kind of design can effectively reduce the moving mass and bring in good flexibility and cooperation safety. The motor drivers are ASD-A2-042-L, meanwhile both cable and planetary reducers are utilized which have reduction ratio of 1:3.3 and 1:10. The used encoders E6B2-CWZ1X 2000P/R have a resolution of 0.045 degree. Finally, the control algorithms are executed using the x PC system with a NI PCI-6229 board. The sampling frequency is set to 1kHz in following experiments.
All three TDE-based controls simulated in previous section were experimented here. The control parameters for our newly proposed method are selected as
.012), L = 2ms, and the experimental sampling period is set to 1ms. For comparison fairness, the parameters for Controller 2 are selected exactly the same as ours. Meanwhile, the parameters for Controller 3 are selected as c 1 
B. EXPERIMENTAL RESULTS

1) EXPERIMENT ONE
In this experiment, Polaris-I was commanded to track a combined sinusoidal signal without payload. Corresponding results are given in Fig. 8-11 . To accurately describe the control performance, the root-mean-square error (RMSE) and Maximum error (MAE) are calculated using the steady tracking data from 20s to 40s. Corresponding results are given in Table 2 .
As indicated in Fig. 8-11 , all three control schemes can ensure good tracking of the desired trajectory, which efficiently demonstrate the effectiveness of the TDE technique, the existing CNFTSM control, SM control with STA and our newly proposed method. Moreover, there are three obvious tracking error peaks in the overall control process, which are mainly caused by the frictions. Meanwhile, our newly proposed method can still provide with relative the best control performance among all three methods as show in Fig. 9 and Fig. 11 . Higher accuracy and faster convergence had been clearly observed with our proposed method over the other twos. These results have strongly demonstrated the superiorities of our newly proposed method over the existing methods. To obtain a precise comparison, we take the RMSE and MAE values in Table 2 to analyze. An indicated in Table 2 
2) EXPERIMENT TWO
To verify the robustness of our newly proposed method against uncertainties, a 0.5 Kg payload was added into the Polaris-I. It should be noted that the mass of last two links of Polaris-I are 2.5 Kg and 1.2 Kg, respectively. Therefore, the payload is 20% and 41.7% of the mass of last two links. Corresponding results are given in Fig. 12-14 . Also, the RMSE and MAE are calculated using the steady tracking data from 20s to 40s to accurately describe the control performance, which are given in Table 3 . As shown in Fig. 12-14 , good control performance can still be ensured with our proposed method under 0.5 Kg payload, which effectively demonstrates the robustness of the proposed method. For precise comparison, we take Table 3 to analyze. RMSE decreases 8.0% and increases 11.1% for joint 1 and 2, respectively. Meanwhile, the MAE increases 6.4% and 6.3% for joint 1 and 2, respectively. Considering the links mass and payload, we can clearly see that relative satisfactory robustness has been obtained using our newly proposed method.
Furthermore, comparing Table 2 and 3, we can see that our newly proposed method under 0.5 Kg payload can even provide with higher tracking accuracy than the other twos without payload. Generally speaking, all three control schemes can ensure satisfactory tracking of the desired trajectory. Meanwhile, the superiorities of our newly proposed method over the existing ones have been experimentally demonstrated.
VII. CONCLUSIONS
In this paper, a novel TDE-based CNFTSM control with modified STA is proposed for the high performance tracking control of cable-driven manipulators under complicated lumped disturbance. The newly proposed method is modelfree and easy to use in complex practical applications thanks to the TDE technique, meanwhile high tracking accuracy and fast dynamical response and strong robustness against lumped disturbance can be effectively ensured benefitting from the designed NFTSM manifold and modified STA schemes. The stability of closed-loop control system with NFTSM and STA dynamics is analyzed. Finally, comparative simulations and experiments were performed. Corresponding results show that our newly proposed TDE-based CNFTSM control with modified STA scheme can provide with faster convergence, higher tracking accuracy and better robustness than the existing methods. 
